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1
OSCILLATOR CIRCUIT, VIBRATORY
DEVICE, ELECTRONIC APPARATUS,
MOVING OBJECT, METHOD OF ADJUSTING
VIBRATORY DEVICE, AND SENSITIVITY
ADJUSTMENT CIRCUIT

BACKGROUND

1. Technical Field

The present invention relates to an oscillator circuit, a
vibratory device, an electronic apparatus, a moving object, a
method of adjusting a vibratory device, and a sensitivity
adjustment circuit.

2. Related Art

Voltage controlled oscillators (VCO) capable of varying
the oscillation frequency in accordance with a control voltage
are widely known, and are used for a variety of purposes.
Among these oscillators, a voltage controlled X tal oscillator
(VCXO)using a crystal vibrator is high in frequency stability,
and is used for a variety of purposes.

In general, in the voltage controlled oscillator (VCO),
since the resolution of the frequency adjustment is deterio-
rated if the frequency control voltage sensitivity (Ve sensi-
tivity) defined as the variation of frequency to the variation of
the frequency control voltage (Vc¢) is too high, and the range
in which the frequency can be adjusted becomes insufficient
if the Ve sensitivity is too low, the V¢ sensitivity is required to
be at a desired level. However, in reality, since the V¢ sensi-
tivity is not the same between individual voltage controlled
oscillators due to manufacturing factors and so on, adjust-
ment of the V¢ sensitivity is necessary for each of the voltage
controlled oscillators.

Further, the adjustment of the V¢ sensitivity is also neces-
sary in the case of making it possible to deal with a plurality
of types of vibrators different in vibrator sensitivity. The
vibrator sensitivity S,,,;, the frequency control voltage sen-
sitivity (the Ve sensitivity) S, and the adjustment frequency
AF are calculated by Formulas (1) through (3) below, respec-
tively.

_ - (65)]
Sxtat = m X 1E6(ppm/pF)

AC, 2

Sy = Sy X A—Vz(ppm/ V) @

(3)

Ve+AVe
AF = f Sy x dVe(ppm)
Ve

In Formulas (1) through (3), C, denotes a vibrator parallel
capacitance, C, denotes a vibrator series capacitance, C;
denotes an oscillator load capacitance, and V- denotes the
frequency control voltage.

According to Formulas (1) through (3), if attempting to
deal with a plurality of types of vibrators different in vibrator
sensitivity, it is necessary to perform a gain adjustment of the
frequency control voltage Ve, an adjustment of C;, or an
adjustment of AC,/AVc.

In the past, as described in, for example, JP-A-9-102714
(Document 1), it is commonly performed that the value of C,
is changed by changing the value of the load capacitance
connected to each of the input side and the output side of the
vibrator to thereby adjust the V¢ sensitivity.

FIGS. 19A and 19B are circuit diagrams of the related art
oscillators using an inverter and a bipolar transistor as an
amplifier element, respectively. In either of the cases, a vari-
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2

able capacitance element (a varactor) having a capacitance
value varying in accordance with the frequency control volt-
age Vc and a capacitance bank composed of a plurality of
capacitance element and a plurality of switches are connected
to the both ends (the both ends of the amplifier element) of the
vibrator, and by adjusting the capacitance value of the capaci-
tance bank in accordance with a setting value stored in a
memory, the V¢ sensitivity is adjusted so as to have a desired
level.

The variation of the capacitance value to the variation of
the electrical potential difference between the both ends of the
variable capacitance element has the maximum value when
the electrical potential difference between the both ends is a
certain electrical potential difference Vt. Therefore, the Ve
sensitivity due to the variable capacitance element on the
input side of the amplifier element takes the maximum value
when the control voltage Vc is shifted by Vt from electrical
potential V1 on the input side of the amplifier element. On the
other hand, the V¢ sensitivity due to the variable capacitance
element on the output side of the amplifier element takes the
maximum value when the control voltage V¢ is shifted by Vt
from electrical potential V2 on the output side of the amplifier
element. The overall Vc sensitivity of the oscillator is
obtained by combining the two V¢ sensitivities, and becomes
the characteristic corresponding to the electrical potential
difference between V1 and V2. It should be noted that
although V1t varies depending on the characteristics of the
variable capacitance elements, the explanation will hereinaf-
ter be presented assuming Vt=0 in order to simplify the expla-
nation.

FIG. 20A is a diagram showing an example of a relation-
ship between the frequency control voltage V¢ and the adjust-
ment frequency before and after the Ve sensitivity adjustment
in the case of using a vibrator high in vibrator sensitivity, and
FIG. 20B is a diagram showing an example of a relationship
between the frequency control voltage Ve and the Ve sensi-
tivity corresponding to FIG. 20A.

In the example shown in FIGS. 20A and 20B, the Vc
sensitivity is adjusted by increasing the load capacitance so
that the frequency varies in a range of =15 ppm through +15
ppm with respect to the nominal frequency when varying the
frequency control voltage Vc in a range of AV centered on
0.9V. As shown in FIG. 20B, although the V¢ sensitivities due
to the variable capacitance elements on the input side and the
output side of the amplifier element take peak values when the
frequency control voltage Vc takes V1 and V2, respectively,
the peak values after the adjustment are lowered compared to
the peak values before the adjustment. Thus, it has been
achieved to set the overall Ve sensitivity of the oscillator to a
value around the target value of 50 ppm/V with respect to the
variation range AV of the frequency control voltage Vc. As
described above, according to the related art adjustment
method, in the case of using the vibrator high in vibrator
sensitivity, by increasing the load capacitance value by a
value corresponding to the increment in the vibrator sensitiv-
ity, the V¢ sensitivity can be adjusted to the target value.

Incidentally, the phase noise in an output signal of the
voltage controlled oscillator (VCO) is calculated by an SSB
phase noise reduction formula provided by Formula (4)
below.

@)
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In Formula (4), f, denotes a resonant frequency, f; denotes
a mistuned frequency, Q; denotes a loaded Q, f_ denotes a
corner frequency, F denotes a noise figure, K denotes the
Boltzmann constant, T denotes ambient temperature, P,
denotes an oscillation power, and V, denotes the Vc
noise.

According to Formula (4), assuming that the Vc noise
(Vcenoise) is constant, the lower the Ve sensitivity (SV) is, the
smaller the phase noise becomes. Therefore, there recently
exists a purpose of using the oscillator adjusted to have a low
Ve sensitivity in order to reduce the phase noise, and in some
cases, adjustment to the low Ve sensitivity is required.

FIG. 21A is a diagram showing an example of the relation-
ship between the frequency control voltage V¢ and the adjust-
ment frequency before and after the Ve sensitivity adjustment
in the case of using the oscillator in the low V¢ sensitivity, and
FIG. 21B is a diagram showing an example of the relationship
between the frequency control voltage Ve and the Ve sensi-
tivity corresponding to FIG. 21A.

In the example shown in FIGS. 21A and 21B, before the
adjustment, the V¢ sensitivity is 50 ppm/V, and when varying
the frequency control voltage Ve in a range of AV, centered
on 0.9V, the frequency varies in a range of =15 ppm through
+15 ppm with respect to the nominal frequency. When adjust-
ing the V¢ sensitivity so as to drop to the target value of 40
ppm by increasing the load capacitance, after the adjustment,
when varying the frequency control voltage V¢ in a range of
AV centered on 0.9V, the frequency varies in a range of =15
ppm through +15 ppm with respect to the nominal frequency.
In other words, in the case of decreasing the V¢ sensitivity, it
is required to increase the variation range of the frequency
control voltage V¢ in order to keep the frequency adjustment
range constant. As shown in FIG. 21B, although the V¢ sen-
sitivity can be kept at a value around the target value of 40
ppm/V in the vicinity of 0.9V, which is the center of the
variation range AV of the frequency control voltage Ve, the
drop of the V¢ sensitivity on the low voltage side and the high
voltage side is increased. As described above, according to
the adjustment method of the related art, in the case of using
the oscillator in the low Vc sensitivity, even if the V¢ sensi-
tivity is lowered by increasing the load capacitance value, it
results that the Ve sensitivity is not constant in a desired range
of'the frequency control voltage Ve, but fluctuates. The varia-
tion of the V¢ sensitivity becomes a factor for obstacle for a
stable operation of the oscillator and characteristic degrada-
tion of C/N and so on.

Further, there are also the case in which the input/output
amplitude voltage is different between the oscillators due to,
for example, the difference in vibrator characteristics and the
oscillation stage current, and the case in which the oscillator
is used with the oscillation amplitude reduced in order to
realize low power consumption of the oscillator, and it is
required that the adjustment of the V¢ sensitivity can accu-
rately be performed irrespective of the level of the oscillation
amplitude.

As showninFIGS. 22A and 22B, the level of the oscillation
amplitude affects the characteristics of the Vc sensitivity.
FIG. 22A is a diagram showing an example of a relationship
between an electrical potential difference between the both
ends of the variable capacitance element when changing the
oscillation amplitude and the capacitance, and FIG. 22B is a
diagram showing an example of the relationship between the
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frequency control voltage Ve and the Ve sensitivity when
changing the oscillation amplitude.

As shown in FIG. 22A, the smaller the oscillation ampli-
tude is, the steeper the gradient of the capacitance variation of
the variable capacitance element becomes, and as a result, as
shown in FIG. 22B, the smaller the oscillation amplitude is,
the higher the Vc sensitivity becomes, but the worse the
linearity becomes.

FIG. 23 A is a diagram showing an example of the relation-
ship between the frequency control voltage V¢ and the adjust-
ment frequency before and after the Ve sensitivity adjustment
in the case of using the oscillator in the small oscillation
amplitude, and FIG. 23B is a diagram showing an example of
the relationship between the frequency control voltage Ve and
the Ve sensitivity corresponding to FIG. 23A.

In the example shown in FIGS. 23A and 23B, the adjust-
ment is performed by increasing the load capacitance so that
the frequency varies in a range of —15 ppm through +15 ppm
with respect to the nominal frequency when varying the fre-
quency control voltage in a range of AV centered on 0.9V. As
shown in FIG. 23B, although it has been achieved that the Vc
sensitivity is decreased to a value in the vicinity of the target
value of 50 ppm/V with respect to the variation range AV of
the frequency control voltage Vc, the linearity is not
improved. As described above, according to the adjustment
method of the related art, in the case in which the oscillation
amplitude is small, even if the V¢ sensitivity is lowered by
increasing the load capacitance value, it results that the Ve
sensitivity is not constant in a desired range of the frequency
control voltage Vc, but fluctuates. The variation of the Vc
sensitivity becomes a factor for obstacle for a stable operation
of'the oscillator and characteristic degradation of C/N and so
on.

SUMMARY

An advantage of some aspects ofthe invention is to provide
anoscillator circuit, vibratory device, an electronic apparatus,
a moving object, a method of adjusting a vibratory device,
and a sensitivity adjustment circuit each capable of perform-
ing the frequency control voltage sensitivity adjustment and
the frequency control voltage sensitivity variation correction,
which are higher in accuracy compared to the related art.

The invention can be implemented as the following forms
or application examples.

Application Example 1

An oscillator circuit according to this application example
includes an oscillatory device, a first control device adapted to
control linearity of a frequency control voltage sensitivity of
the oscillatory device based on a frequency control signal and
configuration information, and a second control device
adapted to control a level of the frequency control voltage
sensitivity of the oscillatory device based on the configuration
information.

The oscillator circuit according to this application example
is capable to controlling the linearity of the frequency control
voltage sensitivity of the oscillatory device with the first
control device based on the configuration information, and
controlling the level of the frequency control voltage sensi-
tivity of the oscillatory device with the second control device
based on the configuration information. Therefore, regarding
the adjustment of the frequency control voltage sensitivity of
the vibratory device including the oscillator circuit according
to this application example, the adjustment higher in flexibil-
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ity and accuracy becomes possible compared to the related art
method of adjusting only the capacitance value of the load
capacitance circuit.

Application Example 2

An oscillator circuit according to this application example
is an oscillator circuit adapted to oscillate an resonator ele-
ment at a frequency based on a frequency control signal, the
oscillator circuit including a load capacitance circuit, and a
first variable capacitance element, a capacitance value of
which varies based on a first voltage applied to one end of the
first variable capacitance element, and the frequency control
signal applied to another end of the first variable capacitance
element, wherein a capacitance value of the load capacitance
circuit and the first voltage are controlled based on configu-
ration information.

The configuration information can be stored in an internal
storage section of the oscillator circuit, or input through the
external terminal of the oscillator circuit.

The oscillator circuit according to this application example
is capable of adjusting not only the capacitance value of the
load capacitance circuit but also the first voltage to be applied
to the one end of the first variable capacitance element in
accordance with the configuration information. Therefore,
regarding the adjustment of the frequency control voltage
sensitivity of the vibratory device including the oscillator
circuit according to this application example, the adjustment
higher in flexibility and accuracy becomes possible compared
to the related art method of adjusting only the capacitance
value of the load capacitance circuit.

Application Example 3

The oscillator circuit according to the application example
described above may be configured to further include a ref-
erence voltage adjustment circuit adapted to generate the first
voltage based on the configuration information.

The oscillator circuit according to this application example
includes the reference voltage adjustment circuit for adjust-
ing not only the capacitance value of the load capacitance
circuit but also the first voltage as a reference voltage to be
applied to the one end of'the first variable capacitance element
in accordance with the configuration information. By making
the reference voltage supplied to the variable capacitance
element adjustable as described above, it becomes easy to
make the frequency control voltage sensitivity in the desired
range of the frequency control voltage constant. Thus, the
frequency control voltage sensitivity adjustment and the fre-
quency control voltage sensitivity variation correction higher
in accuracy compared to the related art method becomes
possible.

Application Example 4

The oscillator circuit according to the application example
described above may be configured such that the capacitance
value of the load capacitance circuit and the first voltage are
controlled independently of each other based on the configu-
ration information.

According to the oscillator circuit according to this appli-
cation example, since the frequency control voltage adjust-
ment of the vibratory device including the oscillator circuit
according to this application example can more flexibly be
performed, even in the case in which the use condition of the
vibratory device is changed, the frequency control voltage
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sensitivity adjustment and the frequency control voltage sen-
sitivity variation correction with high accuracy becomes pos-
sible.

Application Example 5

The oscillator circuit according to the application example
described above may be configured such that the capacitance
value of the load capacitance circuit and the first voltage are
controlled in conjunction with each other based on the con-
figuration information.

According to the oscillator circuit according to this appli-
cation example, it becomes possible to arrange that the opti-
mum frequency control voltage sensitivity characteristics can
be obtained with respect to each of a plurality of predeter-
mined use conditions of the vibratory device including the
oscillator circuit according to this application example only
by changing the setting value. Further, the number of bits of
the configuration information can be reduced.

Application Example 6

The oscillator circuit according to the application example
described above may be configured such that a second vari-
able capacitance element, a capacitance value of which varies
based on a second voltage applied to one end of the second
variable capacitance element, and the frequency control sig-
nal applied to another end of the second variable capacitance
element is further included, and the second voltage is con-
trolled based on the configuration information.

According to the oscillator circuit according to this appli-
cation example, it is possible to adjust not only the capaci-
tance value of the load capacitance circuit, but also the first
voltage to be applied to the one end of the first variable
capacitance element and the second voltage to be applied to
the one end of the second variable capacitance element.
Therefore, regarding the adjustment of the frequency control
voltage sensitivity of the vibratory device including the oscil-
lator circuit according to this application example, the adjust-
ment higher in flexibility and accuracy becomes possible
compared to the related art method of adjusting only the
capacitance value of the load capacitance circuit.

Application Example 7

The oscillator circuit according to the application example
described above may be configured such that a reference
voltage adjustment circuit adapted to generate the first volt-
age and the second voltage based on the configuration infor-
mation is further included.

According to the oscillator circuit according to this appli-
cation example, there is included the reference voltage adjust-
ment circuit for adjusting not only the capacitance value of
the load capacitance circuit, but also the first voltage, which is
a reference voltage, to be applied to the one end of the first
variable capacitance element and the second voltage, which is
a reference voltage, to be applied to the one end of the second
variable capacitance element in accordance with the configu-
ration information. By making the reference voltages sup-
plied to the two variable capacitance elements adjustable as
described above, it becomes easy to make the frequency
control voltage sensitivity in the desired range of the fre-
quency control voltage constant. Thus, the frequency control
voltage sensitivity adjustment and the frequency control volt-
age sensitivity variation correction higher in accuracy com-
pared to the related art method becomes possible.
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Application Example 8

The oscillator circuit according to the application example
described above may be configured such that the capacitance
value of the load capacitance circuit, the first voltage, and the
second voltage are controlled independently of each other
based on the configuration information.

According to the oscillator circuit according to this appli-
cation example, since the frequency control voltage adjust-
ment of the vibratory device including the oscillator circuit
according to this application example can more flexibly be
performed, even in the case in which the use condition of the
vibratory device is changed, the frequency control voltage
sensitivity adjustment and the frequency control voltage sen-
sitivity variation correction with high accuracy becomes pos-
sible.

Application Example 9

The oscillator circuit according to the application example
described above may be configured such that the capacitance
value of the load capacitance circuit, the first voltage, and the
second voltage are controlled in conjunction with each other
based on the configuration information.

According to the oscillator circuit according to this appli-
cation example, it becomes possible to arrange that the opti-
mum frequency control voltage sensitivity characteristics can
be obtained with respect to each of a plurality of predeter-
mined use conditions of the vibratory device including the
oscillator circuit according to this application example only
by changing the setting value. Further, the number of bits of
the configuration information can be reduced.

Application Example 10

A sensitivity adjustment circuit according to this applica-
tion example includes a variable capacitance element, a
capacitance value of which varies based on a first voltage
applied to one end of the variable capacitance element, and a
frequency control signal applied to another end of the variable
capacitance element, and a load capacitance element, a fre-
quency control voltage sensitivity of a vibratory device vary-
ing in frequency is adjusted by varying the capacitance value
of the variable capacitance element, and a capacitance value
of the load capacitance circuit and the first voltage are con-
trolled based on configuration information.

The sensitivity adjustment circuit according to this appli-
cation example is capable of adjusting not only the capaci-
tance value of the load capacitance circuit but also the first
voltage to be applied to the one end of the variable capaci-
tance element in accordance with the configuration informa-
tion. Therefore, regarding the adjustment of the frequency
control voltage sensitivity of the vibratory device including
the sensitivity adjustment circuit according to this application
example, the adjustment higher in flexibility and accuracy
becomes possible compared to the related art method of
adjusting only the capacitance value of the load capacitance
circuit.

Application Example 11

A vibratory device according to this application example
includes any one of the oscillator circuits described above,
and a resonator element oscillated by the oscillator circuit.

The vibratory device is, for example, an oscillator
equipped with a vibrator as the resonator element or a physi-
cal quantity sensor equipped with a vibratory sensing element
as the resonator element.
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According to the vibratory device according to this appli-
cation example, it becomes possible to arrange that the opti-
mum frequency control voltage sensitivity characteristics can
be obtained in accordance with a variety of use conditions.

Application Example 12

An electronic apparatus according to this application
example includes any one of the oscillator circuits described
above.

Application Example 13

A moving object according to this application example
includes any one of the oscillator circuits described above.

Application Example 14

A method of adjusting a vibratory device according to this
application example includes: providing the vibratory device
including a resonator element, and an oscillator circuit having
aload capacitance circuit, and a variable capacitance element,
a capacitance value of which varies based on a first voltage
applied to one end of the variable capacitance element, and a
frequency control signal applied to another end of the variable
capacitance element, and oscillating the resonator element at
afrequency based on the frequency control signal, measuring
a frequency of the vibratory device corresponding to each of
at least three signal values of the frequency control signal,
calculating frequency control voltage sensitivity of the vibra-
tory device for each of the at least three signal values based on
a measurement result of the measuring of a frequency, and
adjusting at least one of a capacitance value of the load
capacitance circuit and the first voltage based on a calculation
result obtained in the calculating of frequency control voltage
sensitivity so that frequency control voltage sensitivity of the
vibratory device is included in a allowable range.

According to the method of adjusting the vibratory device
according to this application example, since it is arranged that
the frequency control voltage sensitivity is included in the
allowable range by adjusting at least one of the capacitance
value of the load capacitance circuit and the first voltage to be
applied to the one end of the variable capacitance element
using the frequency control voltage sensitivity calculated
with respect to the three or more signal values of the fre-
quency control signal, the adjustment higher in flexibility and
accuracy compared to the related art method becomes pos-
sible.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described with reference to the
accompanying drawings, wherein like numbers reference like
elements.

FIG. 1 is a schematic functional block diagram of an oscil-
lator circuit according to an embodiment of the invention.

FIGS. 2A and 2B are explanatory diagrams of a V¢ sensi-
tivity adjustment in the case of using an oscillator in low Vc
sensitivity.

FIGS. 3A and 3B are explanatory diagrams of the Vc
sensitivity adjustment in the case of using the oscillator in a
small oscillation amplitude.

FIG. 4 is a diagram showing a configuration example of an
oscillator circuit according to a first embodiment of the inven-
tion.

FIG. 5 is a flowchart showing an example of a method of
adjusting the Ve sensitivity in the first embodiment.
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FIGS. 6A and 6B are explanatory diagrams of measure-
ment of the frequency of the oscillator.

FIG. 7 is a flowchart showing an example of a method of
calculating an optimum adjustment value.

FIGS. 8A through 8F are explanatory diagrams of a
method of correcting a reference voltage and a load capaci-
tance in the Vc sensitivity adjustment.

FIGS. 9A through 9F are explanatory diagrams of the
method of correcting the reference voltage and the load
capacitance in the V¢ sensitivity adjustment.

FIG. 10 is a diagram showing a configuration example of
an oscillator circuit according to a second embodiment of the
invention.

FIG. 11 is a diagram showing an example of setting a mode
of the Vc sensitivity adjustment in the oscillator circuit
according to the second embodiment.

FIGS. 12A and 12B are diagrams each showing a configu-
ration example of the vibratory device.

FIG. 13 is a functional block diagram of an electronic
apparatus according to an embodiment of the invention.

FIG. 14 is a diagram showing an example of an appearance
of the electronic apparatus according to the embodiment.

FIG. 15 is a diagram showing an example of a moving
object according to an embodiment of the invention.

FIG. 16 is a flowchart showing a modified example of the
method of calculating an optimum adjustment value.

FIG. 17 is a schematic functional block diagram of an
oscillator circuit according to a modified example.

FIG. 18 is a schematic functional block diagram of an
oscillator circuit according to a modified example.

FIGS. 19A and 19B are each a circuit diagram of an oscil-
lator of the related art.

FIGS. 20A and 20B are explanatory diagrams of the Vc
sensitivity adjustment of the related art in the case of using a
vibrator high in vibrator sensitivity.

FIGS. 21A and 21B are explanatory diagrams of the Vc
sensitivity adjustment of the related art in the case of using the
oscillator in low Ve sensitivity.

FIGS. 22A and 22B are explanatory diagrams of the rela-
tionship between the oscillation amplitude of the oscillator
and the Vc sensitivity.

FIGS. 23A and 23B are explanatory diagrams of the Vc
sensitivity adjustment of the related art in the case of using the
oscillator in a small oscillation amplitude.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Hereinafter, some preferred embodiments of the invention
will be described in detail with reference to the accompanying
drawings. It should be noted that the embodiments described
below do not unreasonably limit the content of the invention
as set forth in the appended claims. Further, it is not neces-
sarily true that all of the constituents described below are
essential elements of the invention.

1. OSCILLATOR CIRCUIT

1-1. Outline

FIG. 1 is a functional block diagram schematically show-
ing an oscillator circuit according to the present embodiment.
As shown in FIG. 1, the oscillator circuit 1 according to the
present embodiment is a voltage controlled oscillator circuit
including a terminal T1 (a first terminal), a terminal T2 (a
second terminal), an amplifier circuit 10, a variable capaci-
tance element 20 (a first variable capacitance element), a
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variable capacitance element 22 (a second variable capaci-
tance element), a load capacitance circuit 30 (a first load
capacitance circuit), a load capacitance circuit 40 (a second
load capacitance circuit), and a reference voltage adjustment
circuit 50. It should be noted that the oscillator circuit 1
according to the present embodiment can have a configura-
tion obtained by eliminating or modifying some of these
constituents, or adding another constituent.

A resonator element 3 is connected between the terminal
T1 and the terminal T2 of the oscillator circuit 1.

As the resonator element 3, there can be used, for example,
a surface acoustic wave (SAW) resonator, an AT-cut crystal
vibrator, an SC-cut crystal vibrator, a tuning-fork crystal
vibrator, other piezoelectric vibrators, and a Micro Electro
Mechanical Systems (MEMS) vibrator. As a substrate mate-
rial of the resonator element 3, there can be used, for example,
a piezoelectric single crystal such as a quartz crystal, lithium
tantalate, or lithium niobate, a piezoelectric material such as
piezoelectric ceramics including, for example, lead zirconate
titanate, or a silicon semiconductor material. As an excitation
device of the resonator element 3, there can be used a device
using a piezoelectric effect, or electrostatic drive using a
coulomb force.

The amplifier circuit 10 is connected between the terminal
T1 and the terminal T2 so that the input terminal is located on
the terminal T1 side, and the output terminal is located on the
terminal T2 side. It is also possible to dispose a capacitance
element for cutting a DC component between the input ter-
minal of the amplifier circuit 10 and the terminal T1, and
between the output terminal of the amplifier circuit 10 and the
terminal T2, if necessary.

As an amplifier element provided to the amplifier circuit
10, a bipolar transistor, a field effect transistor (FET), a metal
oxide semiconductor field effect transistor (MOSFET), a thy-
ristor, and so on can be used.

The reference voltage adjustment circuit 50 generates a
reference voltage VREFB (a first voltage) on the input side of
the amplifier circuit 10, and a reference voltage VREFC (a
second voltage) on the output side of the amplifier circuit 10,
and then supplies the terminal T1 with the reference voltage
VREFB and supplies the terminal T2 with the reference volt-
age VREFC.

The variable capacitance element 20 is connected to the
terminal T1 in one end, and varies in capacitance value in
accordance with a frequency control signal input to the other
end. The variable capacitance element 22 is connected to the
terminal T2 in one end, and varies in capacitance value in
accordance with the frequency control signal input to the
other end. As the frequency control signal, an automatic fre-
quency control (AFC) voltage, a temperature compensation
voltage, and a frequency offset voltage can be used. It should
be noted that the variation of each of the capacitance values of
the variable capacitance element 20 and the variable capaci-
tance element 22 takes the maximum value when the electri-
cal potential difference between the both ends is equal to a
certain electrical potential difference Vt, Vt=0 is assumed in
the following explanation in order to simplify the explana-
tion.

As the variable capacitance element 20 and the variable
capacitance element 22, a varactor (also called a variable
capacitance diode) and so on can be used.

The load capacitance circuit 30 is connected between the
terminal T1 and the ground, and the load capacitance circuit
40 is connected between the terminal T2 and the ground.

Further, the oscillator circuit 1 according to the present
embodiment is configured so that the capacitance value of the
load capacitance circuit 30, the capacitance value of the load
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capacitance circuit 40, VREFB (the electrical potential of the
terminal T1), and VREFC (the electrical potential of the ter-
minal T2) can be adjusted in accordance with configuration
information. Specifically, the load capacitance circuit 30 and
the load capacitance circuit 40 are set to the capacitance
values corresponding to the configuration information (e.g.,
Bit setting values), and the reference voltage adjustment cir-
cuit 50 generates VREFB and VREFC having the electrical
potential differences corresponding to the configuration
information. The configuration information can be stored in
an internal memory (not shown in FIG. 1) of the oscillator
circuit 1, or can be input from the outside of the oscillator
circuit 1 via a terminal.

According to the oscillator circuit 1 having such a configu-
ration, as explained below, the overall frequency control volt-
age sensitivity (the Vc sensitivity) (defined as a variation of
the frequency to the variation of the voltage (the frequency
control voltage Vc) of the frequency control signal) of the
oscillator (a vibratory device in abroad sense) including the
oscillator circuit 1 and the resonator element 3 can more
accurately be adjusted than in the related art.

Firstly, in the case of using the vibrator high in vibrator
sensitivity, by increasing both of the capacitance value of the
load capacitance circuit 30 and the capacitance value of the
load capacitance circuit 40, it has been achieved that the
overall Ve sensitivity of the oscillator can be set to the value
in the vicinity of the target value with respect to the variation
range of the frequency control voltage Ve similarly to the
related art method explained with reference to FIGS. 20A and
20B.

Then, an example of the adjustment method in the case of
using the oscillator in low Vc sensitivity will be explained.
FIG. 2A is a diagram showing an example of the relationship
between the frequency control voltage V¢ and the adjustment
frequency before and after the V¢ sensitivity adjustment in the
case of using the oscillator in the low V¢ sensitivity, and FIG.
2B is a diagram showing an example of the relationship
between the frequency control voltage Ve and the Ve sensi-
tivity corresponding to FIG. 2A.

In the example shown in FIGS. 2A and 2B, before the
adjustment, the V¢ sensitivity is 50 ppm/V, and when varying
the frequency control voltage V¢ in a range of AV, centered
on 0.9V, the frequency varies in a range of =15 ppm through
+15 ppm with respect to the nominal frequency. When adjust-
ing the V¢ sensitivity so as to drop to the target value of 40
ppm, after the adjustment, when varying the frequency con-
trol voltage Vc in a range of AV centered on 0.9V, the
frequency varies in a range of —=15 ppm through +15 ppm with
respect to the nominal frequency.

In the present embodiment, for example, the adjustment is
performed so as to increase both of the capacitance value of
the load capacitance circuit 30 and the capacitance value of
the load capacitance circuit 40, lower the VREFB, and raise
the VREFC. As shown in FIG. 2B, by increasing the capaci-
tance value of the load capacitance circuit 30, the proportion
of the capacitance value of the variable capacitance element
20 in the oscillator load capacitance C; is reduced, and there-
fore, the peak value of the V¢ sensitivity due to the variable
capacitance element 20 drops. Further, by lowering the
VREFB, the peak value of the V¢ sensitivity due to the vari-
able capacitance element 20 moves toward the low voltage
side. Similarly, by increasing the capacitance value of the
load capacitance circuit 40, the proportion of the capacitance
value of the variable capacitance element 22 in the oscillator
load capacitance C; is reduced, and therefore, the peak value
of the V¢ sensitivity due to the variable capacitance element
22 drops. Further, by raising the VREFC, the peak value of the

20

30

40

45

12

Ve sensitivity due to the variable capacitance element 22
moves toward the high voltage side.

Due to such an adjustment as described above, the overall
Ve sensitivity of the oscillator obtained by combining the V¢
sensitivity due to the variable capacitance element 20 and the
Ve sensitivity due to the variable capacitance element 30 can
be decreased to a level in the vicinity of the target value of 40
ppn/V, and at the same time, can be made roughly flat with
respect to the variation range AV of the frequency control
voltage Vc.

Then, an example of the adjustment method in the case of
using the oscillator in a small oscillation amplitude will be
explained. FIG. 3A is a diagram showing an example of the
relationship between the frequency control voltage Ve and the
adjustment frequency before and after the Ve sensitivity
adjustment in the case of using the oscillator in the small
oscillation amplitude, and FIG. 3B is a diagram showing an
example of the relationship between the frequency control
voltage Vc and the Ve sensitivity corresponding to FIG. 3A.

In the example shown in FIGS. 3A and 3B, the adjustment
is performed so that the frequency varies in a range of -15
ppm through +15 ppm with respect to the nominal frequency
when varying the frequency control voltage in a range of AV
centered on 0.9V.

In the present embodiment, for example, the adjustment is
performed so as to increase both of the capacitance value of
the load capacitance circuit 30 and the capacitance value of
the load capacitance circuit 40, raise the VREFB, and lower
the VREFC. As shown in FIG. 3B, by increasing the capaci-
tance value of the load capacitance circuit 30, the peak value
of the V¢ sensitivity due to the variable capacitance element
20 drops, and by raising VREFB, the peak value of the V¢
sensitivity due to the variable capacitance element 20 moves
toward the high voltage side. Similarly, by increasing the
capacitance value of the load capacitance circuit 40, the peak
value of the Vc sensitivity due to the variable capacitance
element 30 drops, and by lowering VREFC, the peak value of
the Ve sensitivity due to the variable capacitance element 30
moves toward the low voltage side.

Due to such an adjustment as described above, the overall
Ve sensitivity of the oscillator obtained by combining the V¢
sensitivity due to the variable capacitance element 20 and the
Ve sensitivity due to the variable capacitance element 30 can
be decreased to a level in the vicinity of the target value of 50
ppn/V, and at the same time, the linearity can be improved
with respect to the variation range AV, of the frequency
control voltage Vc.

As described above, in the present embodiment, the circuit
including the load capacitance circuit 30, the load capacitance
circuit 40, and the reference voltage adjustment circuit 50
functions as a sensitivity adjustment circuit 2 capable of
adjusting the Vc sensitivity of the oscillator including the
oscillator circuit 1 and the resonator element 3 with high
accuracy.

Then, more specific embodiments of the oscillator circuit 1
will be explained in detail.

1-2. First Embodiment
Configuration

FIG. 4 is a diagram showing a configuration example of an
oscillator circuit according to a first embodiment. In FIG. 4,
the constituents corresponding to the constituents shown in
FIG.1 are denoted with the same reference symbols as in FIG.
1.
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As shown in FIG. 4, the oscillator circuit 1 according to the
first embodiment includes the amplifier circuit 10, capacitors
14, 16, the variable capacitance elements 20, 22, the load
capacitance circuit 30, the load capacitance circuit 40, the
reference voltage adjustment circuit 50, resistors 60, 62, 64, a
capacitor 66, a memory 70, and a frequency control voltage
generation circuit 80. It should be noted that the oscillator
circuit 1 according to the present embodiment can have a
configuration obtained by eliminating or modifying some of
these constituents, or adding another constituent.

The resonator element 3 is connected between the terminal
T1 and the terminal T2 of the oscillator circuit 1. In the
present embodiment, the resonator element 3 is a quartz crys-
tal vibrator.

The amplifier circuit 10 is configured including a current
source circuit 11, two resistors 12, 13, and an amplifier ele-
ment 15. The amplifier element 15 is a bipolar transistor, and
has a base terminal connected to the terminal T1 via the DC
cutting capacitor 14, a collector terminal connected to the
terminal T2 via the resistor 13 and the DC cutting capacitor
16, and an emitter terminal grounded. Further, the resistor 12
is connected between the base terminal of the amplifier ele-
ment 15 and the resistor 13, and the amplifier element 15 is
supplied with a current from the current source circuit 11. It
should be noted that it is possible to configure the amplifier
circuit 10 using a CMOS inverter as the amplifier element.
The amplifier circuit 10 can be configured by, for example,
connecting an input terminal of the CMOS inverter to the
terminal T1 via the DC cutting capacitor 14, connecting an
output terminal of the CMOS inverter to the terminal T2 via
the DC cutting capacitor 16, and connecting a feedback resis-
tor between the output terminal and the input terminal of the
CMOC inverter.

The reference voltage adjustment circuit 50 generates the
reference voltage VREFB and the reference voltage VREFC
higher than VREFB, supplies the reference voltage VREFB to
the terminal T1 via the resistor 60, and at the same time,
supplies the reference voltage VREFC to the terminal T2 via
the resistor 62.

The variable capacitance element 20 is a varactor, and the
cathode terminal is connected to the terminal T1, and the
reference voltage VREFB is applied to the cathode terminal.
Similarly, the variable capacitance element 22 is a varactor,
and the cathode terminal is connected to the terminal T2, and
the reference voltage VREFC is applied to the cathode termi-
nal.

The frequency control voltage generation circuit 80 gener-
ates the frequency control voltage Vc with a voltage value
corresponding a signal input from the terminal T3. The fre-
quency control voltage Ve, from which high-frequency noise
is removed (reduced, to be precise) via a low-pass filter com-
posed of the resistor 64 and the capacitor 66, is input to the
anode terminal ofthe variable capacitance element 20 and the
anode terminal of the variable capacitance element 22.

Therefore, the variable capacitance element 20 varies in
capacitance value in accordance with the electrical potential
difference between the frequency control voltage V¢ and the
reference voltage VREFB, and the variable capacitance ele-
ment 22 varies in capacitance value in accordance with the
electrical potential difference between the frequency control
voltage V¢ and the reference voltage VREFC. In other words,
the oscillator circuit 1 according to the present embodiment is
avoltage-controlled crystal oscillator circuit having an oscil-
latory frequency varying in accordance with the signal input
from the terminal T3.

The memory 70 is a rewritable nonvolatile memory, and
can be realized by, for example, an electrically erasable pro-

10

15

20

25

30

35

40

45

50

55

60

65

14

grammable read-only memory (EEPROM) or the like. In the
present embodiment, the memory 70 is arranged to be able to
store four types of adjustment values (corresponding to the
configuration information shown in FIG. 1). An adjustment
value VBSENS_ADJ represented in N, bits is used for adjust-
ing the capacitance value of the load capacitance circuit 30.
An adjustment value VCSENS_AD] represented in N, bits is
used for adjusting the capacitance value of the load capaci-
tance circuit 40. An adjustment value VREFB_ADI repre-
sented in N; bits is used for adjusting the reference voltage
VREFB. An adjustment value VREFC_ADI represented in
N, bits is used for adjusting the reference voltage VREFC.

The load capacitance circuit 30 is configured as a capaci-
tance bank including a plurality of capacitors 31, and 32-1
through 32-m (m=1), and a switch circuit 33. The switch
circuit 33 is composed of m switch elements for respectively
establishing or breaking the connection between the capaci-
tors 32-1 through 32-m and the terminal T1, and the each of
the switching elements turns ON or OFF in accordance with
the adjustment value VBSENS_ADI. Further, the capacitors
connected to the terminal T1 in accordance with the adjust-
ment value VBSENS_ADJ correspond to the load capaci-
tance on the output side (the input side of the amplifier circuit
10) of the resonator element 3. On the other hand, the capaci-
tor 31 is connected to the terminal T1, and always acts as the
load capacitance on the output side (the input side of the
amplifier circuit 10) of the resonator element 3.

Similarly, the load capacitance circuit 40 is configured as a
capacitance bank including a plurality of capacitors 41, and
42-1 through 42-z (nz1), and a switch circuit 43. The switch
circuit 43 is composed of n switch elements for respectively
establishing or breaking the connection between the capaci-
tors 42-1 through 42-» and the terminal T2, and the each of the
switching elements turns ON or OFF in accordance with the
adjustment value VCSENS_ADJ. Further, the capacitors con-
nected to the terminal T2 in accordance with the adjustment
value VCSENS_ADI correspond to the load capacitance on
the input side (the output side of the amplifier circuit 10) of
the resonator element 3. On the other hand, the capacitor 41 is
connected to the terminal T2, and always acts as the load
capacitance on the input side (the output side of the amplifier
circuit 10) of the resonator element 3.

The reference voltage adjustment circuit 50 generates the
reference voltage VREFB at an electrical potential corre-
sponding to the adjustment value VREFB_ADI, and at the
same time generates the reference voltage VREFC at an elec-
trical potential corresponding to the adjustment value
VREFC_ADI.

In the present embodiment, the capacitance value of the
load capacitance circuit 30, the capacitance value of the load
capacitance circuit 40, the reference voltage VREFB, and the
reference voltage VREFC can be individually adjusted in
accordance with the adjustment values VBSENS_ADIJ,
VCSENS_ADJ, VREFB_ADJ, and VREFC_ADI, respec-
tively, and as described later, by individually adjusting these
values, it becomes possible to accurately adjust the V¢ sensi-
tivity of the oscillator including the oscillator circuit 1 and the
resonator element 3. In other words, the circuit including the
load capacitance circuit 30, the load capacitance circuit 40,
the reference voltage adjustment circuit 50, and the memory
70 functions as the sensitivity adjustment circuit 2 capable of
adjusting the Ve sensitivity of the oscillator with high accu-
racy.

Itshould be noted that the oscillator circuit 1 can entirely or
partially realized as an integrated circuit (IC) using a CMOS
process or the like. For example, the oscillator circuit 1 can
also be divided into the sensitivity adjustment circuit 2 and the
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other circuit, and realized with two respective IC chips. In this
case, it is possible to include some other constituents of the
oscillator circuit 1 such as the variable capacitance element
20 and the variable capacitance element 22 in the IC chip of
the sensitivity adjustment circuit 2.

Further, the oscillator circuit 1 can also be configured by
combining discrete components corresponding respectively
to the constituents.

Ve Sensitivity Adjustment Method

Then, a method of adjusting the V¢ sensitivity of the oscil-
lator using the oscillator circuit 1 according to the present
embodiment will be explained. FIG. 5 is a flowchart showing
an example of the method of adjusting the Ve sensitivity in the
present embodiment.

As shown in FIG. 5, default values of the adjustment values
VBSENS_ADIJ, VCSENS_ADJ, VREFB_ADJ, and
VREFC_ADI are first written (S10) to the memory.

Subsequently, the frequency of the oscillator is measured
(S20) at three or more points of the frequency control voltage
Ve.

For example, it is also possible to measure the frequency of
the oscillator at three points, namely a voltage value V1
sufficiently lower than the voltage value Va of the frequency
control voltage Vc at which the nominal frequency (or the
frequency after the frequency adjustment) Fnom is obtained,
avoltage value V2 slightly higher than Va, and a voltage value
V3 sufficiently higher than Va as shown in FIG. 6A.

Further, for example, it is also possible to measure the
frequency of the oscillator at five points, namely two voltage
values V1, V2 sufficiently lower than the voltage value Va of
the frequency control voltage Ve at which the nominal fre-
quency (or the frequency after the frequency adjustment)
Fnom is obtained, a voltage value V3 slightly higher than Va,
and two voltage values V4, V5 sufficiently higher than Va as
shown in FIG. 6B.

Subsequently, the V¢ sensitivity at each of the three or more
points of the frequency control voltage Vc and an average
value of the V¢ sensitivity are calculated (S30) based on the
measurement result of the frequency in the step S20.

For example, in the example shown in FIG. 6A, approxi-
mate calculation of Vc sensitivity values S1, S2, and S3 at
respective voltage values (Va+V1)/2, (V2+Va)/2, and (V3+
V2)/2, and an average value Sa of the Vc sensitivity can be
performed using Formulas (5) through (8) below based on
measurement values F1, F2, and F3 of the frequency at the
voltage values V1, V2, and V3, and the nominal frequency (or
the frequency after the frequency adjustment) Fnom.

Fnom - F1 5

L= Fromx (va—vpy < 1E o/ V)
B F2 - Fnom (6)

2= Fromx (V2 —Va) X LE(ppm/V)
F3-F2 M

3= Fromxva vy <\ Eopmi V)
SL+52+83 (8)

a= 22 oy vy

Further, for example, in the example shown in FIG. 6B,
approximate calculation of the Vc sensitivity values S1, S2,
and S3 at the respective voltage values (V2+V1)/2, (V3+Va)/
2, and (V5+V4)/2 can be performed using Formulas (9)
through (11) below based on the measurement values F1, F2,
F3,F4, and F5 of the frequency at the voltage values V1, V2,
V3,V4, and V5, and the nominal frequency (or the frequency
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after the frequency adjustment) Fnom. Further, approximate
calculation of the average value Sa of the Ve sensitivity can be
performed using Formula (8) described above.

F2-Fl1

L= ©)
~ Fromx(V2-V1)

X 1LES(ppm[V)

F3 — From

. (10)
~ Frnomx(V3-Va)

X 1LES(ppm[V)

F5-F4

e (1
" Frnomx(V5—V4)

X 1ES(ppm/V)

Subsequently, an optimum adjustment value is calculated
(S40) based on the calculation result of the V¢ sensitivity in
the step S30. The details of the calculation method in the step
S40 will be described later.

Then, if modification of the adjustment value is necessary
(Y in S50), the adjustment value (the adjustment value of the
calculation result in S40) after the modification is written
(S60) to the memory 70, and then the process of the step S20
and the following steps is performed. In contrast, if the modi-
fication of the adjustment value is unnecessary (N in S50), the
adjustment of the V¢ sensitivity is terminated.

Regarding the determination whether or not the modifica-
tion of the adjustment value in the step S50 is necessary, it is
possible to, for example, compare each of the adjustment
values of the calculation result in the step S40 and the present
adjustment value having been written in the memory with
each other, and then determine that the modification is nec-
essary if there is a difference, or determine that the modifica-
tion is unnecessary if no difference exists.

The Ve sensitivity adjustment along the flowchart shown in
FIG. 5 is performed on each of the oscillators in, for example,
a final inspection process, and the state in which the optimum
adjustment value is written in the memory 70 for each of the
oscillators is achieved.

It should be noted that although in the flowchart shown in
FIG. 5, the adjustment of the Vc sensitivity is performed
while writing the adjustment values (VBSENS_ADJ,
VCSENS_ADJ, VREFB_ADJ, and VREFC_ADI) to the
memory 70, it is also possible to, for example, previously
provide an adjustment mode (a test mode) to the oscillator
circuit 1, in which it is arranged that the adjustment values
written in registers (not shown in FIG. 4) instead of the
memory 70 are supplied to the load capacitance circuit 30, the
load capacitance circuit 40, and the reference voltage adjust-
ment circuit 50, respectively. Since rewriting of the adjust-
ment values can promptly be performed by using the registers
as described above, the period for adjusting the V¢ sensitivity
can be reduced.

FIG. 7 is a flowchart showing an example of the method
(the calculation method in the step S40 shown in FIG. 5) of
calculating the optimum adjustment value based on the Ve
sensitivity values S1, S2, and S3 at the three points and the
average value Va of the Vc sensitivity.

Inthe example shown in FIG. 7, firstly, whether or not all of
S1, S2, and S3 fall within the range between Sa-A and Sa+B
is determined (S100). Here, A represents the lowest allowable
value of the shift of each of S1, S2, and S3 from Sa, and B
represents the highest allowable value of the shift of each of
S1, S2, and S3 from Sa.

Inthe step S100, if at least one of S1, S2, and S3 fails to fall
within the range between Sa-A and Sa+B (N in S100), then,
whether or not both of S1 and S3 are equal to or lower than S2
is determined (S102).
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In the case in which both of S1 and S3 are equal to or lower
than S2 (Y in S102) in the step S102, if S1<S3 is true (Y in
S104), a correction 1 of modifying the adjustment value
VREFB_ADI to lower the reference voltage VREFB on the
input side of the amplifier 10 is performed (S120). FIG. 8A is
a diagram showing how the correction 1 is performed,
wherein the solid line represents an image of the graph of the
Ve sensitivity before the correction, and the dotted line rep-
resents an image of the graph of the Vc sensitivity after the
correction.

Further, if S1=S3 is true (N in S104, and N in S106), there
is performed (S122) a correction 2 of modifying both of the
adjustment values VREFB_ADJ and VREFC_ADJ to
increase the distance between the reference voltages VREFB,
VREFC on both sides of the amplifier circuit 10. FIG. 8B is a
diagram showing how the correction 2 is performed, wherein
the solid line represents the image of the graph of the Vc
sensitivity before the correction, and the dotted line repre-
sents the image of the graph of the Vc sensitivity after the
correction.

Further, if S1>S3 is true (N in S104, and Y in S106), there
is performed (S124) a correction 3 of modifying the adjust-
ment value VREFC_ADIJ to raise the reference voltage
VREFC on the output side of the amplifier circuit 10. FIG. 8C
is a diagram showing how the correction 3 is performed,
wherein the solid line represents the image of the graph of the
Ve sensitivity before the correction, and the dotted line rep-
resents the image of the graph of the V¢ sensitivity after the
correction.

On the other hand, in the step S102, if at least one of S1 and
S3 is higher than S2 (N in S102), then, whether or not both of
S1 and S3 are equal to or higher than S2 is determined (S108).

In the step S108, in the case in which at least one of' S1 and
S3 is lower than S2 (N in S108), if S1=S3 is true (N in
S110) and S2>Sa is true (N in S112), there is performed
(8126) a correction 4 of modifying the adjustment value
VCSENS_ADI to reduce the load capacitance (to reduce the
capacitance value of the load capacitance circuit 40) on the
output side of the amplifier circuit 10. FIG. 8D is a diagram
showing how the correction 4 is performed, wherein the solid
line represents the image of the graph of the Vc sensitivity
before the correction, and the dotted line represents the image
of the graph of the V¢ sensitivity after the correction.

Further, if S1=S3 is true (N in S110), and S2<Sa is true (Y
in S112), there is performed (S128) a correction 5 of modi-
fying the adjustment value VREFC_ADI to raise the refer-
ence voltage VREFC on the output side of the amplifier
circuit 10. FIG. 8E is a diagram showing how the correction 5
is performed, wherein the solid line represents the image of
the graph of the V¢ sensitivity before the correction, and the
dotted line represents the image of the graph of the V¢ sensi-
tivity after the correction.

Further, if S1<S3 is true (Y in S110), and S2>8a is true (N
in S114), there is performed (S130) a correction 6 of modi-
fying the adjustment value VBSENS_ADI to reduce the load
capacitance (reduce the capacitance value of the load capaci-
tance circuit 30) on the input side of the amplifier circuit 10.
FIG. 8F is a diagram showing how the correction 6 is per-
formed, wherein the solid line represents the image of the
graph of the Ve sensitivity before the correction, and the
dotted line represents the image of the graph of the V¢ sensi-
tivity after the correction.

Further, if S1<S3 is true (Y in S110), and S2<Sa is true (Y
in S114), there is performed (S132) a correction 7 of modi-
fying the adjustment value VREFB_ADIJ to lower the refer-
ence voltage VREFB on the input side of the amplifier circuit
10. FIG. 9A is a diagram showing how the correction 7 is
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performed, wherein the solid line represents an image of the
graph of the Ve sensitivity before the correction, and the
dotted line represents the image of the graph of the V¢ sensi-
tivity after the correction.

On the other hand, in the case in which both of S1 and S3
are equal to or higher than S2 (Y in S108) in the step S108, if
S1<8S3 is true (Y in S116), a correction 8 of modifying the
adjustment value VREFB_ADI to raise the reference voltage
VREFB on the input side of the amplifier circuit 10 is per-
formed (S134). FIG. 9B is a diagram showing how the cor-
rection 8 is performed, wherein the solid line represents the
image of the graph of the V¢ sensitivity before the correction,
and the dotted line represents the image of the graph of the Ve
sensitivity after the correction.

Further, if S1=S3 is true (N in S116, and N in S118), there
is performed (S136) a correction 9 of modifying both of the
adjustment values VREFB_ADJ and VREFC_ADJ to
decrease the distance between the reference voltages VREFB,
VREFC on both sides of the amplifier circuit 10. FIG.9Cis a
diagram showing how the correction 9 is performed, wherein
the solid line represents the image of the graph of the Vc
sensitivity before the correction, and the dotted line repre-
sents the image of the graph of the Vc sensitivity after the
correction.

Further, if S1>83 is true (N in S116, and Y in S118), there
is performed (S138) a correction 10 of modifying the adjust-
ment value VREFC_ADIJ to lower the reference voltage
VREFC on the output side of the amplifier circuit 10. FIG. 9D
is a diagram showing how the correction 10 is performed,
wherein the solid line represents the image of the graph of the
Ve sensitivity before the correction, and the dotted line rep-
resents the image of the graph of the V¢ sensitivity after the
correction.

In the case in which S1, S2, and S3 all fall within the range
between Sa-A and Sa+B (Yin S100), or after performing
either of the correction 1 through the correction 10 (S120
through S138), whether or not Sa falls within a range between
Smin and Smax is then determined (S140). Here, Smin rep-
resents the lowest allowable value of Sa, and Smax represents
the highest allowable value of Sa.

In the step S140, in the case in which Sa fails to fall within
the range between Smin and Smax (N in S140), if Sa<Smin is
true (N in S142), there is performed (S144) a correction 11 of
modifying both of the adjustment values VBSENS_ADJ and
VCSENS_ADIJ to reduce the load capacitance (to decrease
both of the capacitance value of the load capacitance circuit
30 and the capacitance value of the load capacitance circuit
40) on both sides of the amplifier circuit 10. FIG. 9E is a
diagram showing how the correction 11 is performed,
wherein the solid line represents the image of the graph of the
Ve sensitivity before the correction, and the dotted line rep-
resents the image of the graph of the V¢ sensitivity after the
correction.

On the other hand, if Smax<Sa is true (Y in S142), there is
performed (S146) a correction 12 of modifying both of the
adjustment values VBSENS_ADJ and VCSENS_ADIJ to
increase the load capacitance (increase both of the capaci-
tance values of the load capacitance circuit 30 and the capaci-
tance values of the load capacitance circuit 40) on both sides
of'the amplifier circuit 10. FIG. 9F is a diagram showing how
the correction 12 is performed, wherein the solid line repre-
sents the image of the graph of the V¢ sensitivity before the
correction, and the dotted line represents the image of the
graph of the Vc sensitivity after the correction.

Inthe case in which Sa falls within the range between Smin
and Smax (Y in S140), or after performing the correction 11
or the correction 12 (S144 or S146), the calculation of the
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adjustment values is terminated, and the process proceeds to
the step S50 shown in FIG. 5 explained above.

It should be noted that the necessary modification of the
adjustment values in the correction 1 through the correction
12 can be performed, for example, by adding or subtracting a
predetermined value to or from the current adjustment value,
or can be performed by calculating the adjustment value
based on some or all of the values S1, S2, S3, Sa, A, B, Smin,
and Smax using predetermined calculating formulas.

As explained hereinabove, according to the oscillator cir-
cuit of the first embodiment, since it is arranged that the
adjustment values of the reference voltage on the input side of
the amplifier circuit, the reference voltage on the output side
of'the amplifier circuit, the load capacitance on the input side
of'the amplifier circuit, and the load capacitance on the output
side of the amplifier circuit can independently be modified,
the Ve sensitivity adjustment can more flexibly be performed
in accordance with the variety of conditions such as the sen-
sitivity of the resonator element, the level of the Vc sensitiv-
ity, and the oscillation amplitude of the oscillator. Thus,
according to the oscillator circuit of the first embodiment, the
Ve sensitivity adjustment and the Vc sensitivity variation
correction with higher accuracy compared to the related art
technology can be performed.

In particular, even in the case of using the oscillator at low
Ve sensitivity or at a small oscillation amplitude, in which an
appropriate V¢ sensitivity adjustment has been difficult using
the related art method, according to the oscillator circuit of
the first embodiment, the V¢ sensitivity adjustment and the V¢
sensitivity variation correction with high accuracy can be
performed.

1-3. Second Embodiment
Configuration

FIG. 10 is a diagram showing a configuration example of
an oscillator circuit according to a second embodiment. In
FIG. 10, the constituents corresponding to the constituents
shown in FIGS. 1 and 4 are denoted with the same reference
symbols as in FIGS. 1 and 4.

As shown in FIG. 10, the oscillator circuit 1 according to
the second embodiment includes the amplifier circuit 10, the
capacitors 14, 16, the variable capacitance elements 20, 22,
the load capacitance circuit 30, the load capacitance circuit
40, the reference voltage adjustment circuit 50, the resistors
60, 62, 64, the capacitor 66, the memory 70, and the frequency
control voltage generation circuit 80 similarly to the oscilla-
tor circuit 1 (FIG. 4) according to the first embodiment. It
should be noted that the oscillator circuit 1 according to the
present embodiment can have a configuration obtained by
eliminating or modifying some of these constituents, or add-
ing another constituent.

Unlike the first embodiment, the oscillator circuit 1 accord-
ing to the second embodiment is configured so that all of the
four parameters, namely the reference voltage VREFB, the
reference voltage VREFC, the capacitance value of the load
capacitance circuit 30, the capacitance value of the load
capacitance circuit 40, are modified in conjunction with each
other.

Specifically, the memory 70 stores the adjustment value
VCSENS_ADIJ represented in N bits, and when moditying
VCSENS_ADJ, these four parameters are modified in con-
junction with each other. Therefore, there is provided a con-
figuration in which the V¢ sensitivity adjustment in at most 2%
modes can only be performed. For example, in the case in
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which VCSENS_ADI is represented in 2 bits, the Vc sensi-
tivity adjustment in 4 modes shown in, for example, FIG. 11
can be performed.

In the example shown in FIG. 11, when VCSENS_ADIJ
[1:0] is “00,” the four parameters described above are set in
conjunction with each other so that the Vc sensitivity
becomes the optimum in a mode (a mode 1) in which a type 1
vibrator is used, and the oscillator is made to operate with the
Ve sensitivity of 50 ppm/V, and the oscillation amplitude of
12V

Further, when VCSENS_ADIJ [1:0] is “01,” the four
parameters described above are set in conjunction with each
other so that the Ve sensitivity becomes the optimum in a
mode (a mode 2) in which a type 2 vibrator with high vibrator
sensitivity is used, and the oscillator is made to operate with
the Ve sensitivity of 50 ppm/V, and the oscillation amplitude
of 1.2V.

Further, when VCSENS_ADIJ [1:0] is “10,” the four
parameters described above are set in conjunction with each
other so that the Ve sensitivity becomes the optimum in a
mode (a mode 3) in which the type 1 vibrator is used, and the
oscillator is made to operate with the V¢ sensitivity of 40
ppm/V, and the oscillation amplitude of 1.2 V.

Further, when VCSENS_ADIJ [1:0] is “11,” the four
parameters described above are set in conjunction with each
other so that the Ve sensitivity becomes the optimum in a
mode (a mode 4) in which the type 1 vibrator is used, and the
oscillator is made to operate with the V¢ sensitivity of 50
ppm/V, and the oscillation amplitude of 0.8 V.

The optimum setting values of the four parameters
described above in each of the modes are determined by
previously performing a variety of calculations and simula-
tions in the design phase so that the optimum Vc sensitivity
can be obtained. It is also possible to obtain the optimum
setting values by, for example, correcting the reference volt-
age VREFB, the reference voltage VREFC, the capacitance
value of the load capacitance circuit 30, and the capacitance
value of the load capacitance circuit 40 by substantially the
same method as explained in the first embodiment (FIG. 7).
Further, when using the oscillator, by rewriting the adjust-
ment value VCSENS_ADI in the memory 70 in accordance
with the mode to be used, the optimum Vc sensitivity char-
acteristics corresponding to the mode can automatically be
obtained.

Other configurations in the oscillator circuit 1 according to
the second embodiment are substantially the same as those of
the first embodiment, and therefore, the explanation thereof
will be omitted.

As explained hereinabove, according to the oscillator cir-
cuit of the second embodiment, the load capacitance and the
reference voltages on both sides of the amplifier circuit are
modified in conjunction with each other so that the optimum
Ve sensitivity characteristics can be obtained in accordance
with the mode in which the oscillator is used. As described
above, according to the oscillator circuit of the second
embodiment, the Ve sensitivity adjustment and the V¢ sensi-
tivity variation correction with high accuracy can be per-
formed in accordance with the mode selected.

Further, according to the oscillator circuit of the second
embodiment, since the load capacitance and the reference
voltages on both sides of the amplifier circuit are modified in
conjunction with each other, it is possible to reduce the num-
ber of bits of the adjustment values stored in the memory.

2. VIBRATORY DEVICE

The vibratory device according to the present embodiment
includes the voltage-controlled oscillator circuit, and the
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resonator element (a vibrating body) oscillated by the oscil-
lator circuit. As the vibratory device, there can be cited, for
example, an oscillator equipped with a vibrator as a resonator
element and a physical quantity sensor equipped with a vibra-
tory sensing element as a resonator element.

FIG.12A shows a configuration example of an oscillator as
an example of the vibratory device. A vibratory device 200
(an oscillator) shown in FIG. 12A is a temperature-compen-
sated oscillator, and includes an oscillator circuit 210, a tem-
perature sensor 220, and a resonator element 230 such as a
quartz crystal vibrator.

The oscillator circuit 210 internally generates the fre-
quency control voltage Ve in accordance with an output sig-
nal of the temperature sensor 220 to thereby vary the capaci-
tance value of the variable capacitance element in accordance
with the temperature variation, and thus, oscillates the reso-
nator element 230 at a regular frequency while compensating
the frequency-temperature characteristic of the resonator ele-
ment 230. The oscillator circuit 1 according to any one of the
embodiments described above can be applied as the oscillator
circuit 210.

As the oscillator, which is the vibratory device according to
the present embodiment, a voltage-controlled oscillator (e.g.,
VCXO0, VCSO), a voltage-controlled temperature-compen-
sated oscillator (e.g., VC-TCXO), an oven controlled oscil-
lator (e.g., OCXO), and so on can be cited besides the tem-
perature-compensated oscillator (e.g., TCXO). Further, such
an oscillator can also be a piezoelectric oscillator (e.g., a
quartz crystal oscillator), a SAW oscillator, a silicon oscilla-
tor, an atomic oscillator, and so on irrespective of the material
and the excitation device of the resonator element.

FIG. 12B shows a configuration example of a physical
quantity sensor as an example of the vibratory device. A
vibratory device 200 (a physical quantity sensor) shown in
FIG. 12B includes the oscillator circuit 210, the temperature
sensor 220, a sensor element 240 having quartz crystal or the
like as a material, and a detector circuit 250.

The oscillator circuit 210 internally generates the fre-
quency control voltage Ve in accordance with an output sig-
nal of the temperature sensor 220 to thereby vary the capaci-
tance value of the variable capacitance element in accordance
with the temperature variation, and thus, oscillates the sensor
element 240 at a regular frequency while compensating the
frequency-temperature characteristic of the sensor element
240. The oscillator circuit 1 according to any one of the
embodiments described above can be applied as the oscillator
circuit 210.

The sensor element 240 outputs a detection signal corre-
sponding to the amount of the physical quantity (e.g., an
angular velocity or an acceleration) applied to the sensor
element 240 while vibrating at a regular frequency.

The detector circuit 250 performs detection and rectifica-
tion of the detection signal of the sensor element 240, and thus
generates and then outputs a physical quantity signal with a
signal level corresponding to the amount of the physical
quantity applied to the sensor element 240. It should be noted
that it is also possible to arrange that the detector circuit 250
compensates the temperature characteristic of the circuit ele-
ment and the temperature characteristic of the sensor element
240 in accordance with the output signal of the temperature
sensor 220 to thereby adjust the vibration level of the physical
quantity signal.

As the physical quantity sensor, which is the vibratory
device according to the present embodiment, an angular
velocity sensor (a gyro sensor), an acceleration sensor, and so
on can be cited.
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According to the present embodiment, since the V¢ sensi-
tivity of the vibratory device 200 can be adjusted with high
accuracy using the oscillator circuit 210, the vibratory device
200 with high oscillation accuracy can be provided.

3. ELECTRONIC APPARATUS

FIG. 13 is a functional block diagram of an electronic
apparatus according to the present embodiment. Further, FIG.
14 is a diagram showing an example of the appearance of a
smartphone as an example of the electronic apparatus accord-
ing to the present embodiment.

An electronic apparatus 300 according to the present
embodiment is configured including an vibratory device 310,
a central processing unit (CPU) 320, an operation section
330, a read only memory (ROM) 340, a random access
memory (RAM) 350, a communication section 360, a display
section 370, and a sound output section 380. It should be
noted that the electronic apparatus according to the present
embodiment can have a configuration obtained by eliminat-
ing or modifying some of the constituents (sections) shown in
FIG. 13, or adding another constituent thereto.

The vibratory device 310 is, for example, an oscillator or a
vibratory sensor including an oscillator circuit 312. As the
oscillator circuit 312 and the vibratory device 310, the oscil-
lator circuit 1 according to any of the embodiments described
above and the vibratory device 200 can be applied.

The CPU 320 performs a variety of arithmetic processes
and control processes using the signal generated by the vibra-
tory device 310 in accordance with the program stored in the
ROM 340 and so on. Besides the above, the CPU 320 per-
forms a variety of processes corresponding to the operation
signal from the operation section 330, a process of controlling
the communication section 360 for performing data commu-
nication with external devices, a process of transmitting a
display signal for making the display section 370 display a
variety of types of information, a process of making the sound
output section 380 output a variety of sounds, and so on.

The operation section 330 is an input device including
operation keys, button switches, and so on, and outputs the
operation signal corresponding to the operation by the user to
the CPU 320.

The ROM 340 stores a program, data, and so on for the
CPU 320 to perform a variety of arithmetic processes and
control processes.

The RAM 350 is used as a working area of the CPU 320,
and temporarily stores, for example, the program and data
retrieved from the ROM 340, the data input from the opera-
tion section 330, and the calculation result obtained by the
CPU 320 performing operations with the various programs.

The communication section 360 performs a variety of con-
trol processes for achieving the data communication between
the CPU 320 and the external devices.

The display section 370 is a display device formed of a
liquid crystal display (LCD) or the like, and displays a variety
of information based on a display signal input from the CPU
320. The display section 370 can also be provided with a
touch panel functioning as the operation section 330.

The sound output section 380 is a device, such as a speaker,
for outputting sounds.

By incorporating the oscillator circuit 1 according to the
present embodiment described above as the oscillator circuit
312, an electronic apparatus having higher reliability can be
realized.

As such an electronic apparatus 300, a variety of electronic
apparatuses can be adopted, and there can be cited, for
example, a personal computer (e.g., a mobile type personal
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computer, a laptop personal computer, and a tablet personal
computer), a mobile terminal such as a cellular phone, a
digital still camera, an inkjet ejection device (e.g., an inkjet
printer), a storage area network apparatus such as a router or
a switch, a local area network apparatus, a base station appa-
ratus for a mobile terminal, a television set, a video camera, a
video cassette recorder, a car navigation system, a pager, a
personal digital assistance (including one having a commu-
nication function), an electronic dictionary, an electronic cal-
culator, an electronic game machine, a gaming controller, a
word processor, a workstation, a picture phone, a security
television monitor, an electronic binoculars, a POS terminal,
a medical instrument (e.g., an electronic thermometer, a
blood pressure monitor, a blood glucose monitor, an electro-
cardiograph, ultrasonic diagnostic equipment, and an elec-
tronic endoscope), a fish finder, a variety of measuring instru-
ments, gauges (e.g., gauges for cars, aircrafts, and boats and
ships), a flight simulator, a head-mount display, a motion
tracer, a motion tracker, a motion controller, and a pedestrian
dead reckoning (PDR) system.

4. MOVING OBIECT

FIG. 15 is a diagram (a top view) showing an example of a
moving object according to the present embodiment. A mov-
ing object 400 shown in FIG. 15 is configured including an
oscillator circuit 410, controllers 420, 430, and 440 for per-
forming a variety of types of control such as an engine system,
a brake system, or a keyless entry system, a battery 450, and
a backup battery 460. It should be noted that the moving
object according to the present embodiment can have a con-
figuration obtained by eliminating or modifying some of the
constituents (sections) shown in FIG. 15, or adding another
constituent thereto.

The oscillator circuit 1 according to any one of the embodi-
ments described above can be applied as the oscillator circuit
410. It should be noted that the oscillator circuit 410 can also
be replaced with a vibratory device (e.g., an oscillator or a
physical quantity sensor) including the oscillator circuit 1.
Although the detailed explanation of other constituents will
be omitted, high reliability is required in order to perform the
control necessary for the movement of the moving object. For
example, the backup battery 460 is provided in addition to the
battery 450 to thereby enhance the reliability.

It is also required for the oscillatory frequency of the oscil-
lator circuit 410 to be a predetermined frequency irrespective
of change in environment such as the temperature. By apply-
ing the oscillator circuit 1 according to any of the embodi-
ments described above as the oscillator circuit 410, an accu-
rate Vc sensitivity adjustment corresponding to a variety of
environmental conditions can previously be performed, and
therefore, high reliability can be ensured.

As such a moving object 400, a variety of types of moving
objects can be adopted, and a vehicle (including an electric
vehicle), an aircraft such a jet plane or a helicopter, a ship, a
rocket, an artificial satellite, and so on can be cited.

5. MODIFIED EXAMPLES

The invention is not limited to the embodiments described
above, but can be put into practice with various modifications
within the scope or the spirit of the invention.

Modified Example 1

In the oscillator circuit according to the first embodiment,
the procedure of the flowchart shown in FIG. 7 for calculating
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the optimum adjustment values in the Ve sensitivity adjust-
ment method can be modified.

FIG. 16 is a flowchart showing a modified example of the
method (the calculation method in the step S40 shown in FI1G.
5) of calculating the optimum adjustment values. In FIG. 16,
the same steps as those shown in FIG. 7 are denoted with the
same symbols.

In the example shown in FIG. 16, firstly, whether or not
both of S1 and S3 are equal to or lower than S2 is determined
(S102).

In the step S102, if both of S1 and S3 are equal to or lower
than S2 (Y in S102), then whether or not both of S1 and S2 are
higher than Sa-C, and S2 is lower than Sa+D is determined
(S103). Here, C is an allowable value of the difference of S1,
S2 from Sa, and D is an allowable value of the difference of S3
from Sa.

Inthe step S103, in the case in which S1 or S2 is equal to or
lower than Sa-C, or S2 is equal to or higher than Sa+D (N in
S103), the correction 1 (FIG. 8A) is performed (S120) if
S1<S3 is true (Y in S104), the correction 2 (FIG. 8B) is
performed (S122)ifS1=S3 istrue (Nin S104, and N in S106),
or the correction 3 (FIG. 8C) is performed (S124) if S1>S3 is
true (N in S104, and Y in S106).

On the other hand, in the step S102, if at least one of S1 and
S3 is higher than S2 (N in S102), the correction 4 through the
correction 10 (FIGS. 8D through 8F, FIGS. 9A through 9D)
are performed (S126 through S138) similarly to the case of
FIG. 7.

In the step S103, in the case in which both of S1 and S2 are
higher than Sa-C, and S2 is lower than Sa+D (Y in S103), or
after performing either of the correction 1 through the cor-
rection 10 (S120 through S138), whether or not Sa falls
within the range between Smin and Smax is then determined
(S140). Thereafter, similarly to the case of FI1G. 7, the correc-
tion 11 (FIG. 9E) or the correction 12 (FIG. 9F) is performed
if necessary (S144, S146), and then the calculation of the
adjustment values is terminated, and the process proceeds to
the step S50 shown in FIG. 5 explained above.

Modified Example 2

Although the oscillator circuit according to the present
embodiment is configured so that the four parameters, namely
the reference voltage on the input side of the amplifier circuit,
the reference voltage on the output side of the amplifier cir-
cuit, the load capacitance on the input side of the amplifier
circuit, and the load capacitance on the output side of the
amplifier circuit, can be changed, it is also possible to modify
the configuration so that six parameters further including the
variable capacitance element on the input side of the amplifier
circuit and the variable capacitance element on the output side
of the amplifier circuit can be changed.

FIG. 17 is a functional block diagram schematically show-
ing an oscillator circuit according to the present modified
example. In FIG. 17, the same constituents as those shown in
FIG. 1 are denoted with the same reference symbols, and the
explanation therefor will be omitted. As shown in FIG. 17, the
oscillator circuit 1 according to the present modified example
is configured so that the reference voltage VREFB, the refer-
ence voltage VREFC, the capacitance value of the load
capacitance circuit 30, the capacitance value of the load
capacitance circuit 40, the capacitance value of a variable
capacitance circuit 100, and the capacitance value of a vari-
able capacitance circuit 102 can be modified in accordance
with the configuration information.

The variable capacitance circuit 100 and the variable
capacitance circuit 102 are each configured as, for example, a
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variable capacitance bank including a plurality of variable
capacitance elements and a plurality of switch elements, and
the variable capacitance value is changed by selecting the
variable capacitance elements to be connected to the terminal
T1 or the terminal T2 by turning ON or OFF the switch
elements in accordance with the configuration information.
The modifiable six parameters can individually be modi-
fied, or can be modified in conjunction with each other. Since
amore specific configuration example of the oscillator circuit
according to the present modified example can be obtained by
appropriately modifying the configuration examples shown
in FIGS. 4 and 10, the illustration thereof will be omitted.
According to the oscillator circuit of the present modified
example, a finer Ve sensitivity adjustment becomes possible.

Modified Example 3

In the oscillator circuit according to the present embodi-
ment, the individual reference voltages are input to the vari-
able capacitance element 20 and the variable capacitance
element 22, and at the same time, the common frequency
control signal is input to the variable capacitance element 20
and the variable capacitance element 22. However, it is also
possible to modify the oscillator circuit so that individual
frequency control signals are input to the elements, and a
common reference voltage is input to the elements.

FIG. 18 is a functional block diagram schematically show-
ing an oscillator circuit according to the present modified
example. In FIG. 18, the same constituents as those shown in
FIG. 1 are denoted with the same reference symbols, and the
explanation therefor will be omitted. As shown in FIG. 18, the
oscillator circuit 1 according to the present modified example
is obtained by adding a control voltage adjustment circuit 110
and level-shift circuits 120, 122 to the oscillator circuit shown
in FIG. 1.

The control voltage adjustment circuit 110 adjusts the out-
put levels of the level-shift circuits 120, 122 in accordance
with the configuration information.

A frequency control voltage Vcl output by the level-shift
circuit 120 is input to the variable capacitance element 20, and
a frequency control voltage Vc2 output by the level-shift
circuit 122 is input to the variable capacitance element 22.

Further, the reference voltage adjustment circuit 50 adjusts
a reference voltage VREF in accordance with the configura-
tion information, and supplies the reference voltage VREF
commonly to the terminal T1 and the terminal T2 of the
variable capacitance element 20.

In other words, the oscillator circuit according to the
present modified example is configured so that the five
parameters, namely the reference voltage VREF, the fre-
quency control voltage Vcl, the frequency control voltage
V2, the capacitance value of the load capacitance circuit 30,
and the capacitance value of the load capacitance circuit 40,
can be modified in accordance with the configuration infor-
mation.

The modifiable five parameters can individually be modi-
fied, or can be modified in conjunction with each other. Since
amore specific configuration example of the oscillator circuit
according to the present modified example can be obtained by
appropriately modifying the configuration examples shown
in FIGS. 4 and 10, the illustration thereof will be omitted.

According to the oscillator circuit of the present modified
example, a highly accurate Vc sensitivity adjustment similar
to the oscillator circuit according to the present embodiment
becomes possible.

Modified Example 4

The oscillator circuit according to the first embodiment is
configured so that the four parameters, namely the reference
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voltage on the input side of the amplifier circuit, the reference
voltage on the output side of the amplifier circuit, the load
capacitance on the input side of the amplifier, and the load
capacitance on the output side of the amplifier circuit, can be
modified independently of each other with the respective
adjustment values stored in the memory 70, and the oscillator
circuit according to the second embodiment is configured so
that all of the four parameters are modified in conjunction
with each other. However, it is also possible to modify the
oscillator circuit so that some of the four parameters can be
modified independently, and the rest of the four parameters
are modified in conjunction with each other.

For example, it is also possible to arrange that at least one
of'the capacitance value of the load capacitance circuit 30 and
the capacitance value of the load capacitance circuit 40, and at
least one of the reference voltage VREFB (the electrical
potential of the terminal T1) and the reference voltage
VREFC (the electrical potential of the terminal T2) are modi-
fied in accordance with the configuration information either
in conjunction with each other, or individually.

According to such a configuration, it is possible to perform
the Ve sensitivity adjustment, which is more flexible and
highly accurate than in the case of the second embodiment,
with a reduced number of bits of the adjustment values stored
in the memory 70 compared to the case of the first embodi-
ment. Therefore, it becomes possible to realize a low-cost
oscillator within a range of fulfilling the required accuracy of
the Ve sensitivity adjustment.

It should be noted that although the V¢ sensitivity adjust-
ment method of the oscillator as an example of the vibratory
device is explained in the embodiments and the modified
examples described above, a Vc sensitivity adjustment
method substantially the same as that of the present embodi-
ment can be applied to other vibratory devices such as a
physical quantity sensor.

The embodiments and the modified examples described
above are illustrative only, and the invention is not limited
thereto. For example, it is also possible to arbitrarily combine
the embodiments and the modified examples described above
with each other.

The invention includes configurations (e.g., configurations
having the same function, the same way, and the same result,
or configurations having the same object and the same advan-
tage) substantially the same as any of the configurations
described as the embodiments of the invention. Further, the
invention includes configurations obtained by replacing a
non-essential part of the configuration described as the
embodiment of the invention. Further, the invention includes
configurations exerting the same functional effects and con-
figurations capable of achieving the same object as any of the
configurations described as the embodiments of the inven-
tion. Further, the invention includes configurations obtained
by adding known technologies to any of the configurations
described as the embodiments of the invention.

The entire disclosure of Japanese Patent Application No.
2012-217440, filed Sep. 28, 2012 is expressly incorporated
by reference herein.

What is claimed is:

1. An oscillator circuit adapted to oscillate a resonator
element at a frequency based on a frequency control signal,
the oscillator circuit comprising:

a load capacitance circuit;

a first variable capacitance element, a capacitance value of
which varies based on a first voltage applied to one end
of the first variable capacitance element, and the fre-
quency control signal applied to another end of the first
variable capacitance element; and



US 9,252,789 B2

27

a second variable capacitance element, a capacitance value
of'which varies based on a second voltage applied to one
end of the second variable capacitance element, and the
frequency control signal applied to another end of the
second variable capacitance element,

wherein a capacitance value of the load capacitance circuit,
the first voltage, and the second voltage are controlled in
accordance with configuration information.

2. The oscillator circuit according to claim 1, further com-

prising:

a reference voltage adjustment circuit adapted to generate
the first voltage based on the configuration information.

3. The oscillator circuit according to claim 1, wherein

the capacitance value of the load capacitance circuit and
the first voltage are controlled independently of each
other based on the configuration information.

4. The oscillator circuit according to claim 1, wherein

the capacitance value of the load capacitance circuit and
the first voltage are controlled in conjunction with each
other based on the configuration information.

5. The oscillator circuit according to claim 1, further com-

prising:

a reference voltage adjustment circuit adapted to generate
the first voltage and the second voltage based on the
configuration information.

6. The oscillator circuit according to claim 1, wherein

the capacitance value of the load capacitance circuit, the
first voltage, and the second voltage are controlled inde-
pendently of each other based on the configuration infor-
mation.

7. The oscillator circuit according to claim 1, wherein

the capacitance value of the load capacitance circuit, the
first voltage, and the second voltage are controlled in
conjunction with each other based on the configuration
information.

8. A vibratory device comprising:

oscillator circuit according to claim 1; and

a resonator element oscillated by the oscillator circuit.

9. An electronic apparatus comprising:

oscillator circuit according to claim 1.
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10. A moving object comprising:

oscillator circuit according to claim 1.

11. A sensitivity adjustment circuit comprising:

a variable capacitance element, a capacitance value of
which varies based on a first voltage applied to one end
of the variable capacitance element, and a frequency
control signal applied to another end of the variable
capacitance element; and

a load capacitance element,

wherein a frequency control voltage sensitivity of a vibra-
tory device varying in frequency is adjusted by varying
the capacitance value of the variable capacitance ele-
ment, and

a capacitance value of a load capacitance circuit and the
first voltage are controlled based on configuration infor-
mation.

12. A method of adjusting a vibratory device comprising:

providing the vibratory device including a resonator ele-
ment, and an oscillator circuit having a load capacitance
circuit, and a variable capacitance element, a capaci-
tance value of which varies based on a first voltage
applied to one end of the variable capacitance element,
and a frequency control signal applied to another end of
the variable capacitance element, and oscillating the
resonator element at a frequency based on the frequency
control signal;

measuring a frequency of the vibratory device correspond-
ing to each of at least three signal values of the frequency
control signal;

calculating frequency control voltage sensitivity of the
vibratory device for each of the at least three signal
values based on a measurement result of the measuring
of a frequency; and

adjusting at least one of a capacitance value of the load
capacitance circuit and the first voltage based on a cal-
culation result obtained in the calculating of frequency
control voltage sensitivity so that frequency control volt-
age sensitivity of the vibratory device is included in a
allowable range.
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